In general, most strains of Pseudomonas aeruginosa are resistant to penicillins. The intrinsic mechanisms of resistance to penicillin in this organism have been investigated (27) .
The peptidoglycan isolated from cell walls of this organism (12, 18 ) is similar to that of penicillin-susceptible organisms (10, 23, 25) . In a previous paper (27) it was reported that the membrane fraction derived from P. aeruginosa KM 338 catalyzes peptidoglycan synthesis, including the cross-linking reaction. This transpeptidase is inhibited by a low concentration of penicillin G or carbenicillin in a similar manner (27) , whereas the intact cells are unsusceptible to penicillin G and are relatively susceptible to carbenicillin (22) .
It has been suggested that penicillin is irreversibly bound to transpeptidase in the cytoplasmic membrane of penicillin-susceptible organisms (16, 17, 25, 26) . On the other hand, it has also been thought that penicillinase is an important factor of penicillin-resistance mechanisms in P. aeruginosa, similar to penicillinase-producing organisms, such as Staphylococcus aureus and Escherichia coli (3) .
In the present experiments, the comparative binding abilities of penicillin G and carbenicillin were studied with whole cells and the membrane fraction from a strain of P. aeruginosa. Also, the j-lactamase activities produced by this strain was compared with those from the enzyme-producing organisms. (A summary of this work was presented at the 46th Annual Meeting of the Japanese Society for Microbiology, Tokyo, 8 April 1973.) MATERIALS AND METHODS Organisms. The organism used was Pseudomonas aeruginosa KM 338, derived from ATCC 17653. This strain has been used in the previous study (27) Assays for the binding of radioactive penicillin G to whole cells and the membrane fraction of P. aeruginosa KM 338. The methods used were almost the same as described in the previous study (26) . The organism was routinely grown at 37 C to mid-or late-log phase in Trypticase soy broth (BBL) as described previously (27) . The membrane fraction (particulate fraction) was prepared by differential centrifugation from disrupted cells after alumina grinding (27) In the second assay, the membrane fraction-bound [14Cjpenicillin G was pelleted by centrifugation at 45,000 x g for 20 min, and the pellet was then washed four times by centrifugation with 8 ml of 0.05 M Tris-hydrochloride (pH 7.5) containing 0.001 M MgCl2. Finally, the pellet was dissolved in 0.4 ml of 4% sodium dodecyl sulfate. To the sample in a glass scintillation vial, 1 ml of Biosolv (formula BBS-3, Beckman Instruments Inc., Fullerton, Calif.) was added, followed by 9 ml of the above scintillation fluid. Both the chromatographic and washing methods were employed for most of the experiments described in this paper. The former procedure yielded somewhat lower values for radioactive penicillin binding, but both of the above methods were found to be reproducible and reliable.
In the assay for binding to whole cells, the cells of a logarithmic phase growth were harvested by centrifugation, washed with 0.05 M Tris-hydrochloride buffer (pH 7.5) or phosphate buffer (pH 7. G solution, varying in concentration from 2.5 to 3,750 nmol per ml, for 30 min at 30 C. After incubation, the cells were recovered by centrifugation at 10,000 x g for 10 min and washed with adequate amounts of the buffer of the above composition. Finally, they were suspended in 0.4 ml of 4% sodium dodecyl sulfate and counted as described above. Counting was carried out in a Packard liquid scintillation spectrometer.
Assay for 3-lactamase activities. All the organisms tested were grown in Trypticase soy broth (BBL) at 37 C for 18 h. These broth cultures were disrupted with an ultrasonic disintegrator (60 W, 20 kcycle/s. Ohtake Seisakusho Co., Ltd., Tokyo, Japan) for 10 min, and the resulting suspensions of each disrupted culture were used as the enzyme source.
,B-Lactamase activities were estimated by a modification of the bioassay method of Humphrey et al. (13) on September 12, 2017 by guest http://aac.asm.org/ Downloaded from G was irreversibly bound to the membrane fraction which catalyzes peptidoglycan synthesis as previously described (27) (Fig. 1) (Fig. 2) . However, the binding was entirely nonspecific. The amount bound to whole cells was directly proportional to the concentration up to a level of at least 750 nmol/ml, although binding to the membrane fraction from this organism and to the whole cells of penicillin-susceptible organisms was specific as described above and previously (4, 5, 8, 15, 20, 24, 26) . The binding of [14C]benzylpenicilloic acid to the cells was also nonspecific and of lower affinity compared with penicillin G.
Inhibition binding of radioactive penicillin (8) (Fig. 3) Works, Ltd., Tokyo, Japan), and the broken cell preparation was fractionated by differential centrifugations as described previously (27) .
The resulting membrane fraction was incubated with varying concentrations of [14C]penicillin G, and control cells were handled in a similar manner except that the initial incubation contained only cells and buffer. The binding of [14C ]penicillin G to the membrane fraction from the penicillin G-treated cells was still of the biphasic saturation type, whereas the binding to that from the carbenicillin-treated cells was entirely of the nonsaturation type (Fig. 4) .
Effect of ethylenediaminetetraacetate treatment on binding of radioactive penicillin G to the whole cells of P. aeruginosa KM 338. A logarithmic phase culture of P. aeruginosa KM 338 was centrifuged, and the cells were a -, Activity too low to be determined.
The substrate profiles of the enzyme from these organisms were determined against ampicillin, penicillin G, carbenicillin, and cephalosporin C. The rate of hydrolysis of these substrates was calculated with an arbitrary value of 100 for the rate of ampicillin or cephalosporin C hydrolysis ( Table 4 ). The profile of the enzyme from P. aeruginosa KM 338 was clearly different from those from S. aureus 235 and E. coli 3032; it is characterized by its relatively high rate of hydrolysis of cephalosporin C being the same as those from cephalosporinase-producing Citrobacter 817 and penicillinase-negative E. coli 386. Ampicillin was 10-fold less rapidly hydrolyzed than cephalosporin C, and both penicillin G and carbenicillin were very poorly or not hydrolyzed by P. aeruginosa KM 338.
DISCUSSION
As previously reported (27) , the membrane fraction derived from P. aeruginosa KM 338 catalyzes peptidoglycan synthesis, including the cross-linking reaction. This transpeptidase is inhibited by low concentration of penicillins, similar to E. coli (14) , whereas growth of this organism is extremely unsusceptible to penicillin G.
It has been suggested that penicillin is irreversibly bound to the transpeptidase in the cytoplasmic membrane of penicillin-susceptible organisms (16, 25, 26) . Penicillin G and carbenicillin were also irreversibly bound to the membrane fraction derived from P. aeruginosa KM 338, which catalyzed peptidoglycan synthesis (27) . The binding followed saturation type kinetics (specific binding), and its saturation was achieved at low concentration (2 nmol/ mil) of the antibiotic, as has been shown (16, 26) for penicillin-susceptible organisms. However, the binding to whole cells of this organism was entirely of the nonsaturation type (nonspecific), although binding to penicillin-susceptible organisms was specific as previously desciKbed (4, 5, 8, 15, 20, 24, 26) , and saturation was achieved at low concentration of penicillin G, as with the membrane fractions (16, 17) . About 3 nmol of penicillin G was specifically bound per g of the membrane protein at saturation. The amount of binding of penicillin G to the membrane fraction from P. aeruginosa KM 338 was lower than that of gram-positive organisms (26, 27) (S. aureus and B. subtilis, which bind 28 and 36 nmol/g of protein, respectively).
After treatment of the whole cells of P. aeruginosa KM 338 with a high concentration of unlabeled penicillin, the specific binding of radioactive penicillin G to the resulting membrane fraction from the treated cells still remained with penicillin G pretreatment, but was eliminated by a carbenicillin pretreatment. This result suggests that penicillin G cannot penetrate into the target enzyme (transpeptidase), whereas carbenicillin can penetrate into its sites.
It has been reported that a permeability barrier can be damaged by EDTA without affecting the viability of the bacteria (11). Eagon (6) showed that the cell walls of P. aeruginosa contain comparatively large amounts of calcium and magnesium. This action of EDTA is attributed to the chelation of divalent metals which are required for the structural integrity of the cell envelope (1, 7). Rogers et al. (21) demonstrated that a proteinlipopolysaccharide complex is released from the cell envelope by EDTA. Repaske (19) found that EDTA allows lysozyme to attack cell walls of certain bacteria. By EDTA treatment of P. aeruginosa KM 338, penicillin G was specifically bound to the whole cells. This phenomenon is also seen after polymyxin treatment, as will be described in a subsequent paper. It had been reported that EDTA reverses the resistance of P. aeruginosa to several antibiotics in vitro (2, 29) . This may depend on the increase in bacterial permeability to penicillins with EDTA, enabling penicillin to reach its specific binding sites.
On the other hand, ,B-lactamase produced from P. aeruginosa might also be considered as a resistance activity for penicillins. P. aeruginosa KM 338 (MIC of penicillin G, 30 mg/ml), however, has an extremely low level of penicillinase compared with penicillinase-producing S. aureus and E. coli (MIC of penicillin G, 2 and 16 mg/ml, respectively). ,B-Lactamase does not appear to be the basis of intrinsic resistance to penicillins of this organism, although in some cases (9, 28) 
